Abstract Seroadaptation describes a diverse set of potentially harm-reducing behaviors that use HIV status to inform sexual decision making. Men who have sex with men (MSM) in many settings adopt these practices, but their effectiveness at preventing HIV transmission is debated. Past modeling studies have demonstrated that serosorting is only effective at preventing HIV transmission when most men accurately know their HIV status, but additional modeling is needed to address the effectiveness of broader seroadaptive behaviors. The types of information with which MSM make seroadaptive decisions is expanding to include viral load, treatment status, and HIV status based on home-use tests, and recent research has begun to examine the entire seroadaptive process, from an individual's intentions to seroadapt to their behaviors to their risk of acquiring or transmitting HIV and other STIs. More research is needed to craft clear public health messages about the risks and benefits of seroadaptive practices.
Introduction
Seroadaptation is a potential harm reduction strategy that includes a diverse set of behaviors that use HIV status to inform sexual decision-making [1] , including serosorting, which is defined by the U.S. Centers for Disease Control and Prevention (CDC) as "a person choosing a sexual partner known to be of the same HIV serostatus often to engage in unprotected sex, in order to reduce the risk of acquiring or transmitting HIV [2] ." These community-originating strategies are commonly used by both HIV infected and uninfected men who have sex with men (MSM), but the risks and benefits of these practices are unclear, particularly their effectiveness at preventing HIV transmission. Certain seroadaptive behaviors may result in increased risk of HIV transmission if 1 partner has an undiagnosed HIV infection, and forgoing condom use in actual or perceived seroconcordant partnerships may also result in increased transmission of other sexually transmitted infections (STIs). In order to provide guidance regarding the potential benefits and risks of seroadaptive behaviors, additional research is needed to understand when and why men choose to adopt seroadaptive practices, in what situations they can be effective at preventing HIV transmission, and their potential for increased STI transmission.
An increasing number of studies have addressed seroadaptive practices among MSM. In this review, we first focus on a number of recent studies that have clarified complex definitions of seroadaptation and provided evidence that diverse MSM engage in seroadaptive practices. An emerging agenda in seroadaptation research is the issue of intentionality. Studies are being deployed to capture information on whether prior intentions predict future seroadaptive behaviors as well as behaviors that cannot be identified through sexual histories, such as episodes when men decide not to have sex. Next, the effectiveness of seroadaptive practices as a strategy to prevent HIV transmission remains unclear. We review some recent empirical studies examining seroadaptive effectiveness and discuss the role of mathematical modeling in effectiveness studies. Lastly, we consider the potential for the emergence of home-use HIV tests to alter the landscape of seroadaptive strategies since research suggests that men intend to use these tests with their partners before sex. We end the review with a call to use novel methods to understand the effectiveness of different seroadaptive strategies at preventing HIV transmission and how this may change with the introduction of homeuse HIV tests.
Seroadaptive Practices: Definitions and Evidence
For more than 20 years, many MSM have chosen their sex partners and selectively used condoms based on their partners' perceived HIV status [3] [4] [5] . Researchers have attempted to identify the specific steps MSM take to diminish their risk for acquiring or transmitting HIV, and this has led to a number of terms defining diverse 'harm reduction' strategies that men employ to protect themselves and their sex partners [6] . Table 1 , adapted from Vallabhaneni and colleagues [7••] , includes a list of terms and definitions for seroadaptive behaviors from the perspective of an HIV-uninfected individual. Seroadaptation and seroadaptive behaviors are umbrella terms to define sexual decision making based on HIV status [1] , which includes serosorting and seropositioning, as well as other behaviors, such as selectively having only oral sex. Serosorting refers to the practice of choosing sex partners or selectively using condoms based on a partner's perceived HIV status. Strategic or seropositioning refer to selectively practicing insertive or receptive anal sex or selectively using condoms in certain positions based on a partner's HIV status. Men have also chosen to use viral load and treatment status to negotiate whether to have sex or adopt a certain role [8] [9] [10] .
As we promote treatment as prevention, this practice may increase as more MSM become aware that antiretroviral therapy reduces the likelihood of transmission. Lastly, some men make sexual agreements with their main sexual partners about acceptable sexual behaviors with additional outside partners [11] , a seroadaptive strategy that is becoming more recognized in the scientific community [12] [13] [14] [15] . Negotiated safety is a seroadaptive practice, in which men in a partnership agree to practice safe sex with outside partners so that they can have sex without condoms together [13, 16] .
A number of studies over the years [10, [17] [18] [19] [20] [21] [22] [23] , including many since 2012 [7••, 8, 11, 28-32, 33••, 34-36, 37•, 38-41] , provide evidence that men engage in seroadaptation and estimate prevalence of seroadaptive behaviors among unique populations of MSM. Studies conducted in the US, Europe, and Australia have found that 14 %-44 % of HIV positive MSM and 25 %-38 % of HIV negative MSM serosort, and that 14 %-35 % and 6 %-15 %, respectively, seroposition [6, [42] [43] [44] .
A few recent papers have identified high-risk subgroups that have adopted seroadaptive practices, recognizing that, although imperfect, seroadaptation may be used as a strategy intended to reduce HIV risk in settings with significant barriers to prevention strategies known to be effective, such as consistent condom use or pre-exposure prophylaxis [26, 27•] . First, in a study of low income MSM in Los Angeles, HIV-positive men but not HIV-negative men engaged in serosorting more than would be expected by chance [27•] . Both groups seemed to adopt seropositioning as a risk management strategy: HIV-positive men were more likely to report unprotected receptive anal intercourse, while HIV-negative men were more likely to engage in unprotected insertive anal intercourse. Another recent study demonstrated that low income, urban Native American MSM also practice seroadaptive strategies, but the authors raise concern that these strategies may not be protective since half of the men did not disclose their HIV status and very few had a recent HIV test [26] .
Intentionality of Seroadaptive Behaviors
Whether men intend to practice seroadaptive behaviors and how these behaviors change over time are important emerging themes in seroadaptation literature. Indeed, the CDC definition of serosorting implies intent, since the choice of a partner of the same status is made "in order to reduce risk" [2] . Most studies examine patterns of men's sexual risk behavior as a function of their own and partner's HIV status, which provides data for a behavioral definition of seroadaptation. Studies with behavioral definitions of seroadaptation are limited in assessing whether these men are specifically and purposely using these strategies to reduce the risk of acquiring or transmitting HIV [11] . Second, most evidence of seroadaptation is based upon sexual histories and can only capture sex that occurred, a strategy that may underestimate the effectiveness of seroadaptive practices that include men choosing not to have sex with discordant partners. Emerging research recognizes that capturing intentional seroadaptive behavior is critical in evaluating the prevalence and correlates of these practices as well as in assessing the effectiveness of seroadaptation for HIV prevention. More research is needed to understand the dynamic seroadaptive process from intentions to sexual behavior to HIV transmission risk. An innovative longitudinal study of MSM in San Francisco found that some, but not all, seroadaptive behaviors were the result of consciously adopted HIV riskreduction strategies [33••] , thereby confirming the distinction between measuring behaviors consistent with seroadaptive strategies and measuring purposeful decisions to adopt behaviors designed to diminish HIV risk. The authors collected data to determine seroadaptation intentions at baseline and to define seroadaptive behaviors practiced by MSM during follow-up at 12 months. They found that some, but not all, MSM who practiced seroadaptive behaviors based on sexual histories did so intentionally. Men who intended to adopt these behaviors did so more often than those who did not, particularly in the case of pure serosorting among HIV-negative men and seropositioning among HIV-positive men. However, many men did engage these behaviors without specifically intending to do so, and although condom serosorting was intended by many, very few HIV-positive or negative men actually carried it out [33••] .
Although not designed to directly measure intentionality, studies that compare patterns of seroadaptive behavior before and after HIV seroconversion can indirectly assess intentionality by controlling for some (but not all) external factors that may influence patterns of seroadaptive behaviors [24, 45] . Men who have sex with men in San Francisco with recent HIV infection appeared to rapidly adopt seroadaptive practices and maintain them over time [24] . The most drastic sexual risk behavior change was a decline in insertive UAI, especially with potentially discordant partners, which reduces the likelihood of sexual transmission to uninfected partners. In a cohort of MSM in Southern California, the percent of men reporting an HIVinfected partner increased after diagnosis of recent infection [45] . One limitation of this type of study design is that it assumes that behavioral patterns at the time of HIV infection represent typical behavioral patterns of the individual while he was uninfected. Indeed, it is possible that risk behaviors prior to HIV infection are not typical and that atypical increased levels of risk lead to infection. Longitudinal studies comparing behavior in periods prior with the last negative test with behaviors after diagnosis or comparing risk behaviors before and after diagnosis with a chronic infection may therefore be more suitable for examining the intentionality of seroadaptive behaviors after diagnosis.
Last, a study of seroadaptive practices using data from 4 longitudinal HIV prevention studies found that 25 % of men were classified into the same seroadaptive strategy, according to self-reported behaviors, across 5 or more study visits [7••] . This may represent indirect evidence of intention, but only if their partnership conditions, upon which they were making seroadaptive decisions, were the same across all study visits.
The next logical question in the intentionality literature is to test whether HIV risk behaviors differ between intentional and unintentional seroadapters. For example, if serosorting behaviors are intended, then men who intend to engage in these behaviors may be more likely to engage in UAI with seroconcordant partners than men who unintentionally serosort. However, a study using data from a national, online survey of MSM found no support for this hypothesis [25] . Their secondary analysis of the national data found that most men in seroconcordant HIV-negative relationships and about half of men in seroconcordant HIV-positive relationship intended to be in such a partnership. However, for both HIVpositive and negative men, intentional seroconcordance was not more strongly associated with UAI in seroconcordant partnerships than any seroconcordance regardless of intent. The authors conclude that intentionality may not be critical in understanding the relationship between seroconcordance and UAI and that future studies should continue to include a behavioral measure of serosorting and not rely solely on intentional measures [25] . However, the relationship between intentions and enacted behaviors needs to be examined for other seroadaptive behavior beyond serosorting, and the many factors that may influence an individual's decision making process from intent to enacted behavior, including a partner's behavior or intentions, need to be better understood.
More research is clearly needed on each step of the process of seroadaptive behaviors and effectiveness: from intention, to uptake, maintenance, and last, risk of HIV transmission [7••] . Longitudinal studies can identify intentional switching of adaptive strategies, or inconsistent use [34] , but this research will need to account for a number of external factors that may influence each step of the seroadaptive process. Partner choice may be a function of who is eligible. Men may be more likely to choose an HIV-negative partner by chance since in most populations, HIV-negative men outnumber HIV-positive men. HIV-positive MSM may adopt seropositioning as a risk reduction strategy more often than serosorting to enable them to expand their choice of potential partners while still reducing risk of HIV transmission [33••] . Type of sex (oral vs anal), sexual position (top, bottom, or both (flipping)), or selective condom use may be a function of demographics, sexual networks, attraction, preferences, age, partnership types and venue [46] . For example, HIV infected men may more often be receptive in discordant relationships because they are seropositioning. However, HIV infected MSM may also be more likely to be receptive because men who frequently practice receptive anal sex are more likely to acquire HIV. A large study is ongoing at the Public Health -Seattle & King County STD Clinic to bridge the intentionality research with seroadaptation effectiveness by elucidating the context of seroadaptive decision-making at each step in the process of partnership formation [46] and testing the association between intentionally adopted seroadaptive behaviors and the risk of testing positive for HIV and bacterial STIs. This work will account for both intentionality as well as other key factors in order to accurately represent the true prevention efficacy of seroadaptive behaviors as an active HIV risk reduction strategy.
Effectiveness of Seroadaptive Behavior to Reduce HIV Transmission by HIV-Negative MSM
Among HIV-positive men, adoption of seroadaptive practices is fairly effective at reducing HIV transmission [17, 23] ; however, seroadaptive behaviors can increase STI transmission [35, 36, 47] and has the potential for risk of HIV superinfection [48] . The effect of seroadaptive behaviors by HIVnegative men on HIV acquisition and STI risk is less understood. In order for seroadaptive practices to be effective, an individual needs to correctly identify not only their own HIV status but that of their partner's as well. In the United States, about 20 % of individuals infected with HIV do not know their status [49] , and even among persons who are aware of their infection, disclosing their status may be challenging.
Seroadaptive behaviors typically rely on a partner's selfreported serostatus or other potentially unreliable alternate measures of a partner's status, such as how a partner looks, assumptions that a partner will disclose his status if he perceives himself to be discordant, or serostatus reported in online profiles [50] . How accurately each individual in a partnership knows his own serostatus and whether partners are able to communicate their status with each other will, to a large extent, determine the effectiveness of seroadaptive behaviors at preventing HIV transmission. Couples counseling [51, 52] and home testing with partners, discussed further below, are potential methods for increasing the effectiveness of seroadaptive behaviors by improving communication and serostatus disclosure within partnerships.
A significant challenge in evaluating the effectiveness of seroadaptive behaviors is that studies over the years define seroadaptive behaviors differently and compare their effectiveness against different behaviors. Some of the earliest case control and prospective longitudinal studies of MSM evaluating risks for HIV acquisition reported higher odds ratios for having unprotected sex with known HIV positive partners than for having unprotected sex with partners thought to be HIV negative [53] [54] [55] . More recent studies evaluated the effectiveness of seroadaptive strategies more broadly, suggest that serosorting is associated with a lower risk of HIV acquisition than non-concordant unprotected anal intercourse (UAI), but a higher risk than consistent condom use [7••, 16, 21, 37•, 56] . The EXPLORE study found slightly lower HIV incidence among MSM who condom serosorted, but not among MSM who practiced seropositioning [56] . Another study of HIV-negative men in Sydney, Australia showed that among MSM who self-identified as serosorters and engaged in UAI with a seroconcordant regular partner had an increased risk of seroconversion compared with those who did not engage in UAI [16] .
Using data from 4 longitudinal HIV prevention studies of MSM from North America, a recent study assessed the association of a wide range of seroadaptive practices with HIV acquisition [7••] . Pure serosorting, condom serosorting, and condom seropositioning were each associated with increased risk of HIV compared with no UAI. However, MSM who reported these behaviors as well as other seroadaptive practices were at lower risk than MSM who reported no seroadaptive strategies, defined as receptive anal sex with HIV-positive or HIV-unknown partners. Behavioral data and data on HIV seroconversion from men were categorized in 6-month intervals. Interestingly, nearly half of intervals were categorized as no UAI, which includes oral sex or 100 % condom protected anal intercourse, yet more than a quarter of HIV seroconversions occurred during these intervals. Most likely this result is due to under-reporting of UAI. A number of other studies have also suggested that seroadaptive behaviors are generally safer than no seroadaptive practices, but serosorting is riskier than no UAI at all [16, 21, 57] . Similar to a study among MSM in Sydney, Australia, having only insertive sex, with or without condoms, appeared to be safer than no UAI [58] . This may be due to either the fact that insertive anal intercourse is associated with less risk of HIV acquisition than receptive anal intercourse or due to underreporting of UAI. A limitation of this and most other studies of seroadaptive behaviors is that they rely on self-reported measures of intentions, serostatus of partners, reports of disclosure, and sexual behaviors. This may affect our ability to accurately determine the prevalence, costs, benefits, and population-level effects of these behaviors.
Differences in prevalence of seroadaptive behaviors and the efficacy of seroadaptation by race have been debated in the last year. Black MSM are disproportionately affected by HIV, but individual sexual risk behavior such as number of partners or rates of UAI do not explain racial disparities [59] . In a recent secondary analysis of data from the Public HealthSeattle & King County STD Clinic, serosorting was common among White and Black MSM, but serosorting was only associated with a significantly lower risk of testing HIV positive for White MSM [37•] . The authors were unable to identify why serosorting might be less effective for Black MSM. One hypothesis is that rates of testing might differ by race, resulting in higher rates of undiagnosed infections among Black MSM [60] ; however, testing histories did not appear to differ by race among MSM attending this clinic. The authors postulate that race assortative sexual mixing and infrequent disclosure among blacks-HIV-positive black MSM may be less likely to discuss serostatus before UAI [29] could explain why serosorting was not protective among black MSM in their study [37•] . In contrast, other studies found that serosorting among Black MSM was an effective risk reduction strategy compared with UAI without seroadaptive strategies [7••, 57] . The reason for these inconsistent findings is not evidently clear, but might be due to true differences in study populations (Seattle vs New York and Philadelphia).
To measure the true effectiveness of seroadaptation, one would need to compare HIV risk among a population of men who practice seroadaptive behaviors, including forgoing sex acts with potentially serodiscordant partners, to a counterfactual scenario in which these same (or similar) men did not practice seroadaptive behaviors. A mathematical model may be the most effective way to explore these hypothetical counterfactuals and predict the impact of seroadaptation on HIV incidence. Mathematical modeling is also an important tool to understand the potentially unintuitive ways that seroadaptive behaviors may affect HIV transmission. In the past, mathematical models have contributed to the understanding of how the acute stage of HIV infection and the proportion of undiagnosed HIV-positive men in a population may influence the effectiveness of serosorting. One of the first models in the field suggested that serosorting is not an effective prevention strategy, and that, because of the high transmission probability associated with acute infection, the practice may pose greater risk than having UAI with a partner with established infection [61] . This simple multiplicative model sparked a number of additional, more complex mathematical models of serosorting. Mathematical models that followed suggest that serosorting can either increase or decrease a person's risk of acquiring HIV depending on the accuracy of HIV status disclosure, which largely depends on the population's HIV testing frequency [62] [63] [64] [65] . One model found serosorting to be partially effective in the context of Seattle, Washington [65] , while another model published within weeks suggested it may be a harmful strategy generally [64] . The results at first glance seemed contradictory, but the two modeled different populations, with Seattle having a much higher rate of testing than is found in many other locations. Figure 1 shows how the relationship between serosorting and HIV prevalence varies significantly by testing frequency. In populations with low rates of testing, serosorting is predicted to be detrimental, whereas in populations with frequent testing, serosorting may be beneficial [62] . Both models conclude that if the percent of HIV-infected MSM unaware of their infection is greater than 20 % or if testing were less frequent than reported in the Seattle area, serosorting may increase transmission [62, 63] . Indeed, the prevalence of undiagnosed HIV infection among MSM in the Fig. 1 Estimated relationship between serosorting, testing frequency, and HIV prevalence from a model simulation of HIV transmission dynamics among men who have sex with men. Serosorting is predicted to have little impact on equilibrium HIV prevalence or risk of HIV acquisition when low-and high-activity MSM test every 3 and 1.5 years, respectively. Serosorting is potentially protective at high testing frequencies and has a small deleterious effect at lower testing frequencies. Lowactivity men are defined as having 1 anal sex partner per year, and highactivity men are defined as having an average of 10 anal sex partners per year. Data for the model are from 2003 random-digit-dial study of MSM in Seattle. The figure is adapted from a previously published model of serosorting among MSM [62, 65] U.S. may be well above 20 % in most cities [66] , suggesting that serosorting may not be an effective harm reduction strategy in many settings. However, the proportion of MSM unaware of their infection is lowest in Seattle, around 7 %. At this level, both models suggest that serosorting might be beneficial.
Mathematical models should continue to be used to examine the role of seroadaptation and HIV transmission dynamics, incorporating more comprehensive seroadaptive strategies, and accounting for the rapidly changing landscape of HIV testing.
Novel Testing Strategies and Seroadaptation
The efficacy of serosorting and seroadaptive behaviors is decidedly dependent on HIV testing frequency. It is clear that the more accurately individuals in a population know their true HIV status, the more efficacious seroadaptive strategies will be [62, 64] . A number of new testing strategies and types of tests are available to MSM in the US, including antigen-antibody combination assays, couples-based HIV testing, and home-use tests. Changes in types and frequency of HIV testing will influence seroadaptive strategies in significant ways; here we focus on home-use testing.
The first home-use HIV test, the OraQuick In-Home HIV Test (OraSure Technologies, Inc.), became available over-the-counter in October 2012. Although these tests have been approved for self-testing, research suggests that MSM will also test with sex partners to inform sexual decision-making, which we call pointof-sex testing [67] [68] [69] . Home-use tests offer the opportunity to base seroadaptive decisions on the results of tests conducted prior to sex instead of self-disclosed or implied HIV status. If MSM trust the results of a partner's home-use test more than his selfreported status and are therefore more likely to engage in UAI after testing together prior to sex, the decreased sensitivity of the available home-use test during the highly infectious acute stage may lead to increased transmission of HIV [70] . However, home-use tests may increase individual testing frequency and results from point-of-sex testing may be more accurate than the self-reported or implied HIV status of a sex partner, which may decrease UAI between serodiscordant partners.
Two studies have examined point-of-sex testing and its potential impact on seroadaptive behaviors. In a small pilot study, 27 high risk MSM in New York were given home-use tests to use with their partners [67] and were monitored weekly for 3 months. Participants of the study found the tests acceptable, and were likely to use home tests with their sex partners. In 100 sexual partnerships, there was no evidence that men were more likely to engage in UAI after testing, and no sexual intercourse was reported in 10 partnerships where a partner had a reactive antibody test. A larger trial of home selftesting among high risk MSM in Seattle (the iTest Study) examined intentions to point-of-sex test. One-quarter of high risk MSM reported that they would be very likely to test with a partner prior to sex, and men were twice as likely to report being very likely to engage in UAI if both partners tested negative at home than if a partner only disclosed being negative. Participants' likelihood of using home-use tests for point-of-sex testing depended on how long the test takes to produce results, the type of sex partner, and the perceived risk of the encounter [71] .
As with the early literature on serosorting, mathematical modeling can be used to elucidate important components of home-use testing and its influence on the effectiveness of seroadaptation for HIV prevention. One mathematical model has quantified potential risk reduction that could be attained by using home-use tests to screen sexual partners vs using condoms in different proportions of anal intercourse occasions among MSM. They find that the benefit of home-use tests is very closely tied to underlying HIV incidence in the population as well as rates or supplementation of condom use [72, 73] . Much more work, including additional mathematical modeling, is needed to determine whether home-use tests can be safely used to increase the accuracy of seroadaptive behaviors.
Conclusions
Recent research suggests that many different populations of MSM are engaging in seroadaptive behaviors, and many are doing so intentionally. In general, seroadaptive behaviors seem to be associated with less risk compared with no seroadaptive behavior, but a number of seroadaptive behaviors are associated with increased risk compared with no UAI. Emerging research is testing whether accounting for intentionality will influence estimates of risk associated with seroadaptation. The CDC does not recommend serosorting as a safer sex practice [74] . Whether other seroadaptive strategies should be encouraged, discouraged, or ignored for MSM is a different question and depends on whether they are effective HIV prevention strategies [25] . Not surprisingly, health departments and HIV prevention programs increasingly wrestle with how to advise MSM about seroadaptation [75] , and at least 1 study has investigated an intervention to promote seroadaptive practices in HIV-negative MSM [76] .
New and innovative methods are needed to understand complex dynamics of seroadaptation and the effectiveness of preventing HIV transmission at individual and population levels. Mathematical modeling is a particularly useful tool to explore counterfactual scenarios of seroadaptation, since its efficacy at preventing HIV infection is a function of actual and avoided risk, as well as perceived and actual serostatus. Perceived and actual serostatus is in turn dependent on underlying testing rates, testing technologies, strategies for disclosing HIV status, and HIV prevalence in the community. Furthermore, the types of information with which men are making seroadaptive decisions, such as viral load and treatment status, and how the information is obtained, such as home-use HIV testing, is constantly changing. The public health community needs to keep abreast of the changing face of seroadaptation among MSM and craft clear public health messages about these practices as HIV risk reduction strategies.
